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ABSTRACT
THE EFFECTS OF BIOTIC AND ABIOTIC FACTORS ON BYSSOGENESIS, 
GROWTH AND MOVEMENT PATTERNS 
OF THE BLUE MUSSEL, MYTIL US EDULIS
by
Yvette Louise Gamer 
University of New Hampshire, September, 2013 
Blue mussels create extensive aggregations on intertidal and low subtidal shores 
in the Gulf of Maine, in which they modify habitat, trap sediments and create 
microclimates for many organisms. Mussels are an important aquaculture species 
worldwide, and play a major part of the economy of New England. Blue mussels produce 
collagenous byssal threads to anchor themselves to the substrate on wave swept shores. 
Byssogenesis, growth and movement abilities o f mussels are influenced by a host of 
biotic and abiotic factors. In this dissertation I quantified byssogenesis and growth of the 
blue mussel, Mytilus edulis, affected by wave exposure, temperature, and epibiont 
fouling. Byssogenesis and movement abilities of two size classes o f mussels were also 
quantified in relation to epibiont fouling and predator presence. Results from a series of 
short- and long-term field experiments indicate that more byssal threads were produced 
by fouled mussels at sheltered sites during summer, while stronger byssal threads were 
produced by epibiont-fouled mussels during winter. Although mussel growth was greater 
at wave-exposed sites in the summer, epibiont fouling did not influence growth. My 
experiments also revealed that fouling results in increased byssal thread production and
attachment strength in large mussels, whereas movement ability in small mussels is 
reduced in the presence of epibionts. Upon exposure to crab effluent, mussels produced 
more byssal threads while mussels exposed to effluent of injured conspecifics began 
depositing threads more quickly than in any other treatment. Large mussels produced 
stronger attachments while small mussels were quick to begin depositing and releasing 
byssal threads, indicating increased movement.
These studies indicate that byssogenesis is influenced by abiotic factors such as 
temperature, artificial epibiont fouling, and wave exposure, and biotic variables including 
mussel size and exposure to predators and injured conspecifics. Mobility of mussels is 
influenced by factors which include predator presence and artificial epibiont fouling. This 
dissertation highlights the variety of adaptive abilities of mussels, whose presence shapes 
intertidal and subtidal zones. It is important to understand the biological and ecological 
processes of mussels especially in light of environmental changes, including increased 
wave activity due to seasonal storms and fouling by invasive epibionts.
1GENERAL INTRODUCTION
In the rocky intertidal community, mussels may form dense aggregations and are 
referred to as ecosystem engineers because they increase heterogeneity and diversity of 
marine benthic habitats (Bertness, 2007; Borthagaray and Carranza, 2007; Gutierrez et 
al., 2003). Borthagaray and Carranza (2007) found a net increase in species richness 
when mussels were present compared to when mussels were naturally missing, since 
mussels provide a hard substrate for other organisms to colonize. The structural 
complexity of the mussel matrix creates microhabitats which provide shelter and 
protection from predation to associated organisms (Seed, 1976; Seed and Suchanek,
1992; Suchanek, 1985). The mussel shell not only provides additional points of 
settlement for other benthic organisms, but also protects mussels from predation 
(Beadman et al., 2002).
Plant and animal fouling organisms, or epibionts, that settle on mussel shells have 
resulted in mortality in littoral and sublittoral mussel populations (Paine, 1979; Suchanek, 
1985). Mortality occurs either when mussels are dislodged from the substrate as a result 
of increased drag caused by fouling organisms, or from the restriction of feeding currents 
by overgrown valves (Seed and Suchanek, 1992; Witman and Suchanek, 1984). Epibionts 
also reduce the fitness of mussels by reducing body tissue and gamete development, 
likely resulting from decreased food availability and increased investment into producing 
a firm attachment (Seed and Suchanek, 1992). Fouling on mussel shells, especially by 
filter feeding epibionts such as ascidians, bivalves or sponges poses a major problem for
the aquaculture industry. These animals likely compete with mussels for a common food 
source and could potentially cover over the siphons and inhibit their ability to feed (Durr 
and Watson, 2010).
As filter feeders, mussels ingest phytoplankton and suspended particles, 
consolidate the material into aggregates and excrete it as feces or pseudo feces which 
settle to the seafloor (Haven and Morales-Alamo, 1966). This process, known as 
biodeposition, affects the composition and abundance of benthic fauna, reduces sediment 
erosion by 10-fold, decreases water turbidity, and connects pelagic and benthic 
ecosystems (Haven and Morales-Alamo, 1966; Kautsky and Evans, 1987; Newell, 2004; 
Ragnarsson and Raffaelli, 1999; Widdows and Brinsley, 2002). As the second most 
cultivated bivalve species in the world after the American oyster, Crassostrea gigas, 
mussels accounted for 1.9 million tons o f the global aquaculture production in 2008 
valuing $390 million USD (Gazeau et al., 2010; Food and Aquaculture Information and 
Statistics Service, 2013).
In the intertidal zone, the blue mussel must deal with a wide array of 
environmental stressors, ranging from marine conditions during immersion at high tide to 
terrestrial conditions during emersion at low tide (Denny and Paine, 1998). As a result, 
there are accompanying physical factors to life in the intertidal including high wave 
action due to breaking waves, desiccation, temperature extremes, predation, competition 
and epibiont fouling (Denny and Paine, 1998). This study will explore the interface 
between biomechanics and ecology related to the production of byssal threads (i.e. 
byssogenesis), growth and movement of the blue mussel, Mytilus edulis, in response to 
various physical and biological factors. As will become evident further on, the mussel-
3byssal thread system is an appealing study area linking ecology and biomechanics 
because of the following attributes: (1) threads are produced within minutes, (2) mussels 
and byssal threads respond rapidly to changes in biotic and abiotic factors, (3) mussels 
live in inherently stressful environments, (4) physical factors associated with mussel beds 
affect their ecology, and (5) mussels are temperate habitat generalists found worldwide.
Distribution
The blue mussel, Mytilus edulis, is a bivalve mollusc that inhabits rocky shores 
subjected to high wave action and hydrodynamic forces of lift and drag (Bell and 
Gosline, 1997). In the western Atlantic, their range historically extended from 
Newfoundland, Canada, to Cape Hatteras, North Carolina, USA (35.25° N) (Bertness, 
2007). In the last 50 years, however, their southern limit has shifted 350 km northward to 
Lewes, Delaware, (38.5° N) as a result of rising air and sea temperatures (Jones et al., 
2010). In the north Atlantic, M. edulis lives in mixed populations with the 
morphologically similar species, M. trossulus, which occurs from Nova Scotia to 
Newfoundland, Canada (Koehn et al., 1984; McDonald et al., 1991; Varvio et al., 1988).
Aquaculture of mussels continues to grow in the Gulf of Maine, making M. edulis 
an increasingly valuable commercial species (Brown, 1996). Mussels are found in the 
Gulf o f Maine, which is a continental shelf sea that spans from Cape Cod, Massachusetts, 
to southwestern Nova Scotia, and is isolated from the North Atlantic Ocean by numerous 
shoals and banks (Townsend, 1998). As the second most abundant filter feeder in New 
England, mussels are important contributors to the community dynamics of the intertidal 
environment (Bertness, 2007). Mussels are found in intertidal and shallow subtidal rocky
and sedimentary shores in the Gulf of Maine, although they are less abundant at higher 
latitudes due to ice disturbance (Bertness, 2007; Stephenson and Stephenson, 1971). Blue 
mussels are also found in estuaries and bays and have the ability to cope with low 
salinities (Bertness, 2007).
Mussels have a wide range of invertebrate and vertebrate predators in the Gulf of 
Maine, such as the sea star (Asterias rubens), the dog whelk (Nucella lapillus), the oyster 
drill (Urosalpinx cinera), the European green crab (Carcinus maenas), the northern rock 
crab (Cancer borealis), the rock crab (Cancer irroratus), the American lobster (Homarus 
americanus) and the common eider {Somateria mollissima) (Bertness, 2007). Predation 
from diving ducks such as the eider is common on blue mussels and can be devastating to 
mussel producers, with the potential to wipe out an entire population (Incze et al., 1980).
In New England, mussels are faced with significant seasonal storm activity during 
hurricane season, which ranges from September-December (Carrington, 2002b). The 
Gulf of Maine also has large tidal ranges which vary from 2 to 3 m in the southwestern 
Gulf, and increases moving northward until it arrives upon the most extreme tidal range 
in the world located at the Bay of Fundy, at more than 10 m (Townsend et al., 1987). 
Intertidal organisms in New England can be exposed to winter air temperatures as low as 
-20° C and summer temperatures as high as 40° C, with 20-30°C daily temperature 
fluctuations (Bertness, 1989; Bertness, 2007; Kanwisher, 1955). Thus, New England 
coasts are stressful environments to inhabit since they receive large tidal fluctuations and 
strong seasonality (Bertness, 2007).
Byssal Threads
Blue mussels are capable of living in the rocky and sedimentary intertidal and 
shallow subtidal regions by secreting collagenous byssal threads that anchor them to the 
substrate or onto other mussels. The attachment structure, collectively known as the 
byssus, is often referred to as the “beard” because it resembles a human beard and is 
proteinaceous, extracellular and fibrous (Carrington, 2002b). Byssal threads represent the 
interface between the soft, living tissue of the mussel, and stiff, inert material such as 
rocks, pilings, or other mussels ( Waite et al., 2004). The distal end of the thread attaches 
to a solid surface while the proximal end arises from the living tissue of the mussel 
(Waite et al., 2004). After searching for a suitable spot to deposit threads, the foot 
becomes relatively motionless and in about 3-5 minutes, a new thread is formed (Lee et 
al., 2011). Byssal threads are produced one at a time, in a process similar to injection 
molding, by the mussel’s tongue-like foot, which can be extended for a 5-6 cm radius 
surrounding the mussel (Lee et al., 2011). In M. edulis, the byssus consists of a bundle of 
50-100 threads, each measuring 50 pm in diameter and 2 to 4 cm in length (Lee et al.,
2011; Waite et al., 2004). During the process of thread formation, proteins are exuded 
from dozens of pores and molded in the ventral groove of the foot (Waite, 2002).The 
ability of mussels to add or remove byssal threads quickly permits mobility, especially in 
juveniles (Wiegemann, 2005).
The byssus is secreted by a specialized gland in the foot o f the mussel and is 
divided into three sections (Fig. 1): (1) the root is embedded in the byssus gland at the 
base of the foot and connects the whole structure to the byssal retractor muscles, which 
control thread tension, (2) the stem protrudes outwards and supports each byssal thread,
6and (3) the byssal threads extend from the stem in several directions and attach to the 
substrate (Bell and Gosline, 1997; Brown, 1952; Lee et al., 2011).
threads
Figure 1: Byssus of Mytilus edulis with threads cut short (from Brown, 1952).
Each byssal thread is coated by a hard but extensible 2-5 [im thin cuticle which 
protects the fibrous collagenous core from microbial attack (Holten-Anderson and Waite, 
2008; Lee et al., 2011). Individual threads are comprised of three main sections (Fig. 2): 
1) the proximal region is the corrugated section proximal to the animal and makes up 
one-third of the complete thread length, 2) the distal region is smooth and slender and is 
twice the length of the proximal region and 3) the adhesive plaque anchors the thread and 
is the attachment point to the substrate (Brown, 1952).
(a) shell adductor
muscle





Byssal _  












Figure 2: (a) Anatomy of mussel byssus and musculature 
(from Denny and Gaylord, 2010) and (b) an individual byssal 
thread showing the three distinct regions (from Waite et al., 
1998).
8Due to the crimps in the collagen fibers which are capable of unfolding upon 
wave action, the corrugated proximal region of the byssal thread is tough and twice as 
extensible as the smooth distal region (Coyne et al., 1997; Qin and Waite, 1995; 
Silverman and Roberto, 2007; Smeathers and Vincent, 1979). As a result, byssal threads 
are described as shock-absorbing anchorage systems (Carrington, 2008; Silverman and 
Roberto, 2007; Waite and Qin, 2001; Waite et al., 1998). While the proximal region is 
pliable and elastic, the distal region of byssal threads is strong and stiff as a result of 
straight bundles of collagen which join to the attachment plaque (Waite et al., 1998;
Waite et al., 2004). The distinct qualities of its distal and proximate regions make the 
byssal thread a mechanically graded fiber, rather than just an inert tether (Waite et al., 
2004).
Rationale
The inspiration for this dissertation comes from an interest as to how mussels 
respond to changes in their environment, even during relatively short time periods.
Storms represent one of the largest risks for the survival of intertidal mussels due to 
increased wave action for 1-2 days following the storm, and can increase likelihood of 
dislodgement, especially for individuals with weak attachment (Moeser et al., 2006). The 
frequency and severity of extreme storms, such as hurricanes, in the North Atlantic have 
increased since 1995 (Goldenberg et al., 2001) and mean wave height has increased 2% 
per year since the mid-20th century (Bacon and Carter, 1991; Hoozemans and Wiersma, 
1992). If the trend continues, the hydrodynamic forces in the intertidal zone are predicted 
to also increase drastically, which could increase dislodgement rates unless mussels are
able to strengthen their attachment (Carrington, 2002a; Helmuth et al., 2005). The ability 
of mussels to remain attached on wave swept shores is vital to understand in light of 
changes to the wave climate, and could be influenced by additional factors such as 
mussel size, presence of predators and epibiont fouling, which I will explore in this 
dissertation.
The introduction of multiple alien tunicate species in the mid-1980s in the Gulf of 
Maine resulted in increasingly fouled mussel aquaculture lines and decreased growth of 
mussels (Carman et al., 2010). The ability o f mussels to remain attached to aquaculture 
lines after becoming fouled with epibionts relies on a strong attachment, which could also 
be influenced by changes in water velocity, predator presence and epibiont cover on the 
shells. Since exposure to predators has been shown to influence the strength of byssal 
attachment (Cote, 1995; Leonard et al., 1999), I am interested in quantifying byssal 
thread production upon exposure to common and uncommon predators found in the Gulf 
of Maine to explore mechanisms that might reduce the number of mussels falling off 
mussel aquaculture lines as a result of epibiont fouling and increased wave action.
Overview of Dissertation
Following the general introduction, my dissertation contains three additional 
chapters, each submitted as a separate manuscript to peer-reviewed scientific journals.
Chapter I
In Chapter I, I will quantify the effects of wave exposure, temperature and 
epibiont fouling on byssal thread production and growth in the blue mussel, Mytilus 
edulis, in the Gulf of Maine. Byssogenesis has been shown to be inhibited at high flow
10
velocities because the foot is unable to establish contact with the substrate, which is 
necessary for thread production (Moeser et al., 2006). Attachment strength of mussel 
byssal threads has been shown to be stronger during late winter and early spring 
following periods of high wave activity (Carrington, 2002a). Additionally, in low 
intertidal to shallow subtidal regions, epibionts have been shown to colonize mussel 
shells, which reduces growth and survival o f mussels and leads to increased byssal thread 
production, as demonstrated with fouling by slipper limpets (Dittman and Robles, 1991; 
Thieltges, 2005; Thieltges and Buschbaum, 2007).
Chapter II
In Chapter II, I will examine the effects of injured conspecifics and predators on 
byssogenesis, attachment strength and movement in the blue mussel, Mytilus edulis. 
Previous work has shown that blue mussels have the ability to alter the strength, number 
and attachment sites of byssal threads upon exposure to a wide variety of carnivorous 
predators and injured conspecifics (Cheung et al., 2004; Cote, 1995; Leonard et al., 1999; 
Reimer and Harms-Ringdahl, 2001; Reimer and Tedengren, 1997). Exposure o f blue 
mussels to damaged conspecifics has been shown to cause a more drastic response of 
defense mechanisms than exposure to predators alone (Fassler and Kaiser, 2008), and in 
this experiment I will examine this hypothesis for M. edulis in the Gulf of Maine.
Chapter III
Chapter III investigates the effects of artificial epibionts on the byssogenesis, 
attachment strength and movement in two size classes of the blue mussel, Mytilus edulis.
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Mussel beds are spatially and temporally dynamic systems with small and large 
individuals crawling among and within aggregations (Anthony and Svane, 1995; Hunt 
and Scheibling, 1998; Schneider et al., 2005; Liu et al., 2011). Epibiosis has been shown 
to reduce movement ability for multiple species of molluscan basibionts (Buschbaum and 
Reise, 1999; Dijkstra and Nolan, 2011; Donovan et al., 2003; Eschweiler and 
Buschbaum, 2011), and although previous authors have suggested negative effects of 
epibionts on the movement of M. edulis, this is the first study to examine this hypothesis 
directly (Thieltges, 2005).
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CHAPTER I
EFFECTS OF WAVE EXPOSURE, TEMPERATURE AND EPIBIONT FOULING ON 
BYSSAL THREAD PRODUCTION AND GROWTH IN THE BLUE MUSSEL, 
MYTILUS EDULIS, IN THE GULF OF MAINE1
Abstract
Blue mussels (Mytilus edulis) need a strong byssal attachment to remain anchored on 
wave swept shores. Byssogenesis and mussel growth can be affected by abiotic factors, 
as well as by biotic interactions. Using short- and long-term field deployments of 
artificially-fouled mussels in coastal New Hampshire, we determined the effects of wave 
exposure, temperature and epibiont cover on the number and attachment strength of 
byssal threads produced and on mussel growth. In a factorial experiment, more byssal 
threads were produced by epibiont-covered mussels located at sheltered sites during 
summer. With each additional byssal thread that a mussel produced, its total attachment 
strength to the substrate increased by 3.8%. Furthermore, attachment strength increased 
by 6.7% when mussels were artificially fouled and by 17.1% during winter. Mussel 
growth was higher during summer at high wave exposure sites, presumably due to a 
seasonal increase in nutrients. Epibiont cover had no influence on mussel growth. Our
'Gamer, Y.L., Litvaitis, M.K., 2013. Effects of wave exposure, temperature and epibiont fouling on byssal 
thread production and growth in the blue mussel, Mytilus edulis, in the Gulf of Maine. J. Exp. Mar. Biol. 
Ecol. 446, 52-56.
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results indicate that wave exposure, temperature, and epibionts influence byssal thread 
production, whereas wave exposure and temperature affect mussel growth. This study 
incorporates several different factors simultaneously in a series o f field experiments 
which affect mussel byssal thread production, growth and survival and have an important 
implication for their population dynamics.
Introduction
Blue mussels (Mytilus edulis Linnaeus, 1758) have adapted to life in the rocky 
and sedimentary intertidal and subtidal zones by secreting collagenous byssal threads that 
anchor them to the substrate on rocky shores or to conspecifics. Byssal thread production 
occurs within a couple of hours, and has become a model system for studies of 
bioadhesion (Waite, 2002). The process is intermittent, allowing for continued mobility 
of mussels, especially in juveniles (Wiegemann, 2005). Proteins are secreted and molded 
in the ventral groove of the foot, prior to being released as a newly formed byssal thread 
(Waite, 2002).
Mussels live in the intertidal environment, which is subjected to high water 
motion from breaking waves, resulting in the necessity o f a strong attachment (Bell and 
Gosline, 1997). The strength of byssal attachment is altered by water flow conditions, 
often marked by an increase in thread numbers under high flow rates (Bell and Gosline, 
1997; Carrington, 2002). Moeser et al. (2006) found that byssal thread production of M. 
edulis in a flume peaks at ambient flows of 11 cm/s and declines at higher velocities. 
Carrington et al. (2008) extended these findings to include M. trossulus (Gould, 1850),
M. galloprovincialis (Lamarck, 1819), M. californianus (Conrad, 1837), and Modiolus
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modiolus (Linnaeus, 1758) and found that byssal thread formation declines at flow 
velocities above ~ 25 cm/s. They attribute their findings to an inability o f the foot to 
extend to the substrate, without which byssal threads cannot form.
Seasonality, and therefore temperature, also affects attachment strength of mussel 
byssal threads. M. edulis changes between two alternative physiological states during the 
year: high reproduction/low attachment strength in summer and high attachment 
strength/low reproduction in winter, with spring and fall serving as transitional periods 
(Carrington, 2002). Carrington (2002) found that the strongest attachment occurs during 
the winter/early spring, which then allows for energetic requirements to shift to the 
production of gametes. The summer and fall proved to be the seasons with the weakest 
attachment strength, likely due to an elevated decay rate. Byssal thread degradation was 
attributed to environmental conditions such as increased evaporation and temperature 
changes resulting from daily tidal variation, along with biofouling activity by marine 
bacteria. Zardi et al. (2007) and Carrington (2002) suggest that M. galloprovincialis in 
South Africa, and M. edulis in Rhode Island allocate energy towards gamete production 
and potentially away from byssal thread production even in the presence of high wave 
action or stressful conditions.
Mussels form dense aggregations in intertidal and subtidal environments 
providing structure for a diverse assemblage of organisms that often attach directly onto 
the mussel shells. Plant and animal epibionts may reduce the growth and survival of 
mussels (Thieltges and Buschbaum, 2007), and increase the potential for dislodgement 
(Witman and Suchanek, 1984). Mussel epibionts that increase the surface area exposed to 
water flow, such as kelp and barnacles, increase the chance of mussel dislodgement as
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compared to thin epibionts, such as colonial tunicates or encrusting bryozoans. The more 
likely dislodgement of mussels with protruding epibionts is due to an increase of 
hydrodynamic forces exerted on mussels, specifically a higher drag-induced loading 
(Dittman and Robles, 1991; O’Connor et al., 2006; Thieltges, 2005; Thieltges and 
Buschbaum, 2007; Witman and Suchanek, 1984). Thieltges and Buschbaum (2007) have 
identified the slipper shell, Crepidula fornicata (Linnaeus, 1758) as an epibiont that 
increases byssal thread production as compared to unfouled mussels. Additionally, larger 
hydrodynamic forces exerted on mussels fouled by epibionts may ultimately translate to a 
greater energy allocation to byssogenesis (Thieltges and Buschbaum, 2007). Naturally 
occurring epibionts on M. edulis in New Hampshire include barnacles, colonial and 
solitary tunicates, bryozoans, the slipper limpet C. fornicata, Ulva spp., and kelp, with 
coverage varying between seasons.
The overall goal of the present study was to determine the production of byssal 
threads, and growth in relation to epibiont presence, wave exposure, and water 
temperature in M. edulis. Because byssogenesis occurs rapidly, whereas changes in 
mussel length require an extended period, we designed two sets of field studies. Byssal 
thread production, as measured by number and strength of threads was determined after 
24 hours; mussel growth, as measured by changes in length was determined after 11 
weeks.
Material and methods 
Sample collection and preparation
Mussels (1417 total) of 50-70 mm shell length were collected from the University 
of New Hampshire (UNH) Atlantic Marine Aquaculture Center (42.942433° N,
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70.633228° W) or from the UNH Coastal Marine Laboratory Pier (43.071971°N,
70.711465° W). After manual removal o f all epibionts, mussels were measured for 
length, depth and height using digital calipers (General Tools and Instruments, New 
York, NY, USA), weighed, and labeled with queen bee tags (The Bee Works, Orillia, 
Ontario, Canada). To avoid variability introduced by different biotic and abiotic 
characteristics of epibionts of diverse species, we standardized epibiont simulation by 
attaching small pieces of high-pile carpet (~36 cm2) to both valves of 708 mussels (i.e. 
fouled) (Fig. 1.1a) with cyanoacrylate glue; 709 mussels remained unfouled (i.e. no 
carpet attached).
Field deployments
Specimens were maintained in flowing seawater tanks at the UNH Coastal Marine 
Laboratory, New Castle, NH until experimentation, and were then placed into individual 
compartments of wire mesh cages. The cages (outer dimension 61 cm x 22.9 cm x 11.4 
cm) were constructed from vinyl coated wire mesh (Gilbert and Bennett, Midwest Air 
Technologies, Inc., Lincolnshire, IL, USA), mesh size 1.7 cm2, with individual 
compartments for each mussel. Each compartment (4.8 cm x 4.5 cm x 4.5 cm; LxWxH) 
contained a piece of slate (104 cm2) (MS International, Inc., Orange, CA, USA) to serve 
as substrate for the mussels. In addition, individual plastic mesh cylinders were placed 
into the center o f each compartment to prevent mussel clumping (Fig. 1.1b).
Three exposed (high wave exposure) sites, Rye Harbor State Park (43.00091 ° N, 
70.74337° W), Odiome Point State Park (43.04201° N, 70.71478° W) and Fort Stark 
(43.05836 N°, 70.71160° W) and three sheltered (low wave exposure) sites, Rye Harbor 
State Park (43.00054° N, 70.74388° W), the UNH Coastal Marine Lab (43.07162° N,
70.71236° W) and Sander’s Point (43.05639° N, 70.73139° W) were chosen for 
deployment. At each field site, 6 cages containing 10 mussels each were attached in the 
mussel zone by securing two ropes through the cages and onto cement blocks (Fig. 1.1c). 
Thirty artificially-fouled mussels and 30 non-fouled mussels were placed in alternating 
compartments of cages and placed concurrently at low tide. The cages remained in the 
field for 24 hours, after which time byssal thread production was determined by counting 
individual threads. The same process was carried out with fresh mussels at all sites 
beginning at low tide for the following 5 days. The experiment was repeated in June, 
2009, June, 2010, January, 2012 and June, 2012.
Fig. 1.1. (a) Mussel with artificial epibionts attached to each valve,
(b) wire mesh cage showing individual mussel compartments, and (c) 
mussel cages at the beginning of 24-hour deployment during low tide 
at Fort Stark, New Castle, NH.
In addition to counting threads after 24 hours, strength o f byssal attachment was 
also evaluated using a Vernier Dual-Range Force Sensor (Vernier Software and
Technology, Beaverton, OR, USA). A piece o f monofilament line was secured around 
each mussel and hooked onto the force sensor, applying a steady force normal to the 
substrate until failure of byssal threads occurred. The point of maximum force required 
(N) to break the threads was noted.
To evaluate the effects of temperature on mussel growth, mussel cages were 
placed in the intertidal zone at the same wave exposed and sheltered sites for 11 weeks as 
described above. Mussel length, width, height, and wet weight were recorded and water 
temperature readings were obtained from the UNH Coastal Marine Laboratory 
Monitoring Station, New Castle, NH (43.072284° N, 70.710328° W)> which takes 
temperature readings twice per hour. Temperatures were averaged for the duration of the 
study.
An Onset HOBO water level data logger (Onset Computer Corporation, Bourne, 
MA) was used to measure changes in water pressure at the exposed and sheltered field 
sites. The water level logger was deployed in the intertidal zone for 6 hours of the tidal 
cycle on 23 May 2012, 29 May 2012 and 1 June 2012 for exposed sites and on 22 May 
2012, 24 May 2012 and 31 May 2012 for sheltered sites. The logger takes temperature 
and pressure measurements every second.
Data analysis
A three-way factorial ANOVA was used to test the effects of wave exposure 
(fixed; wave exposed versus sheltered site), epibiont presence (fixed; fouled versus 
unfouled mussels), and temperature (fixed; summer versus winter) on byssal thread 
counts and change in mussel length (SYSTAT, Richmond, CA, USA). Significant 
differences between treatments were evaluated with Tukey’s honest significant difference
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post hoc analysis o f variance in SYSTAT. After byssal thread strength data were log 
transformed, a multiple linear regression was utilized (Microsoft Excel 2007). The 
assumptions of normality and homoscedasticity were visually assessed via a log 
(strength) histogram, residual plots, and Q-Q plots, yielding no apparent deviations from 
these assumptions. Significant wave heights for each field site were determined from 
pressure data using M a tL a b  (The MathWorks Inc., Natick, MA, USA) and wave heights 
for field sites were compared using a Kruskal-Wallis test in S y s t a t .
Results 
Twenty-four hour bvssal thread production
Wave exposed and sheltered field sites differed in terms of significant wave 
height, with average wave heights of 1.36 m at exposed sites, and of 0.22 m at sheltered 
sites (n = 3, p = 0.05). More byssal threads were produced at low wave exposure sites 
(average number 5.97 ± 0.24 S.E.) compared to mussels at high wave exposure sites 
(average number 4.81 ± 0.25 S.E.) (Fig. 1.2a; n = 699-718, p = 0.001; Table 1.1). More 
byssal threads were produced during summer (average number 7.85 ± 0.17 S.E.) 
compared to winter (average number 2.92 ± 0.30 S.E.) (Fig. 1,2b; n = 340-1077, p < 
0.001; Table 1.1). Mussels fouled with artificial epibionts produced more byssal threads 
(average number 5.97 ± 0.24 S.E.) than mussels left unfouled (average number 4.80 ± 
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Fig. 1.2. Mean number (± S.E.) of byssal threads produced in response to (a) wave 
exposure, (b) temperature, and (c) epibiont fouling; p < 0.001.
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Table 1.1. Results of 3-way ANOVA for byssal thread production after 24 hours with 
wave exposure, epibiont fouling and temperature as fixed factors (df = degrees of 
freedom, MS = mean square, F = value of the F-statistics, p = p-value).
Source o f variation df MS F P
Wave exposure 1 347.79 11.61 0.001
Epibiont 1 354.60 11.83 0.001
Temperature 1 6271.90 209.31 <0.001
Wave exposure x 
Epibiont








Epibiont x Temperature 1 2.42 0.08 0.78
Wave exposure x  
Epibiont x Temperature 1 1.42 0.05 0.83
Error 1409 29.97
Using multiple regression, a relative increase of 3.8% in total attachment strength 
to the substrate was found with every additional byssal thread that the mussel produced (p 
< 0.001, n = 516; Table 1.2). An increase in strength of 6.7% was observed in the 
presence of an epibiont (p < 0.001; Table 1.2), and an increase in strength of 17.1 % was 
observed in winter (average water temperature 4.9° C) compared to summer (average 
water temperature 13.3° C) (p < 0.001; Table 1.2). Conversely, a relative decrease of 
3.1% in byssal thread strength was found with wave exposure (n.s., p = 0.07; Table 1.2).
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Table 1.2. Results of multiple regression assessing relative changes in byssus attachment 
strength in relation to epibiont presence, wave exposure, the addition of individual byssal 
threads, and temperature, p < 0.001, r2 = 0.65. Equation: log (Attachment Strength) = B0 
+ Bi*epibiont + B2 *wave exposure + B3 *byssal thread + B4 *temperature.
Coefficients Standard Error P-value ExponentiatedCoefficients
Intercept -0.13574 0.01938 <0.001 0.87307
Epibiont 0.06500 0.01800 <0.001 1.06716
Wave exposure -0.03174 0.01757 0.071 0.96876
Byssal thread 0.03736 0.00170 <0.001 1.03806
Temperature 0.15816 0.02012 <0.001 1.17136
Eleven-week mussel growth
Mussels at high wave exposure sites (average growth 1.86 mm ± 0.12 S.E.) grew 
more than those at low wave exposure sites during summer (average growth 1.00 mm ± 
0.12 S.E.) (Fig. 1.3; n =  146-176, p = 0.001; Table 1.3). Epibiont fouling did not have a 
















Fig. 1.3. Mean change in shell length (mm) (± S.E.) for mussels at low vs. high wave 
exposure sites for summer and winter deployments; p = 0.001. The characters above the 
error bars denote significant differences between the treatment means based on Tukey’s 
honest significant difference post hoc analysis of variance.
Table 1.3. Results of 3-way ANOVA for change in mussel length (mm) after 11-weeks 
with wave exposure, epibiont fouling and temperature as fixed factors (df = degrees of 
freedom, MS = mean square, F = value of the F-statistics, p = p-value).
Source of Variation df MS F P
Wave exposure 1 32.84 14.19 <0.001
Epibiont 1 1.93 0.84 0.36
Temperature 1 245.87 106.20 <0.001
Wave exposure x 
Epibiont


























Our results showed that high wave action not only failed to increase byssal thread 
production, but even restricted byssogenesis and resulted in an overall weaker byssal 
attachment. At low wave exposure, mussels produced more threads which had a 
collectively stronger attachment. This is in contrast to studies which suggest a positive 
linear relationship between byssal thread production and water flow (Bell and Gosline, 
1997; Carrington, 2002). Successful byssogenesis is dependent on sustained contact 
between the foot and substrate (Moeser et al., 2006). Upon exposure to high flow 
velocities, the mussel foot is dislodged from the substrate and thread secretion is 
interrupted, resulting in the production of fewer threads (Moeser et al., 2006). At 
protected sites, mussels were able to secrete numerous high quality byssal threads 
presumably due to low disturbance by wave activity. Our study supports findings by 
Moeser et al. (2006) and Carrington et al. (2008) which also showed that mussels 
experience limitation to byssal thread production at high flow regimes. Even though 
byssal thread production is restricted by high flow, the ability o f mussels to form dense 
aggregations is an adaptive behavior which modulates water flow and enables the weak 
foot to mold and attach new threads to the substrate (Carrington et al., 2008).
Temperature also influenced byssal thread production with more threads produced 
during summer, a time of increased average temperature. However, despite the increased 
number of threads, overall tensile strength was weaker during summer. The ability o f M. 
edulis to produce stronger threads during the winter has been attributed to periods of 
increased wave action brought about by winter storms in Rhode Island, USA 
(Carrington, 2002). Low attachment strength during summer despite high numbers of
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threads, has been shown in Rhode Island to coincide with poor quality threads, 
specifically weaker individual threads that are more prone to decay (Moeser et al.,
2006). While increased attachment strength of mussels in winter was thought to result 
from increased thread number (Bell and Gosline, 1997; Carrington, 2002), our results 
again confirm the findings of Moeser et al. (2006) that stronger individual threads are 
responsible for the stronger attachment. Of course, additional environmental and 
physiological factors may contribute to increased number of threads and their 
attachment strengths. For example, changes to salinity (Young, 1985), nutrient levels 
(Carrington, 2002) and predator presence could affect byssogenesis. Specifically, 
Leonard et al. (1999) showed that blue mussels in hydrodynamically protected 
environments in the Gulf of Maine were under greater predation pressure than 
individuals in wave exposed areas, and produced an increased number of byssal threads 
as a result. Hence, it is conceivable that the presence of environmental cues from crabs 
or damaged conspecifics could have influenced byssogenesis at our field sites. 
Furthermore, energetic requirements of reproduction may also limit byssal thread 
production (Carrington, 2002).
Fouling with artificial epibionts resulted in the production of more threads of 
higher attachment strength. Previous studies, which used biological epibionts, were 
equivocal. Specifically, fouling by the slipper limpet C. fornicata, results in increased 
byssal thread production (Thieltges and Buschbaum, 2007), whereas O’Connor et al. 
(2006) found that mussels do not alter attachment strength and thread production in 
response to algal epibionts. By standardizing epibiont cover, we were able to demonstrate
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that epibionts alter byssogenesis not only with regards to number of threads produced but 
also attachment strength.
Byssus production constitutes a substantial cost for M. edulis, requiring 44% of 
total carbon and 21% of total nitrogen produced (Hawkins and Bayne, 1985). Griffiths 
and King (1979) show a direct trade-off between byssus production and growth for the 
ribbed mussel, Aulacomya ater (Molina, 1782). Our findings indirectly support the 
notion that such a trade-off in energy allocation also occurs in blue mussels. Mussels at 
high wave exposure sites produced fewer threads (because of their inability to maintain 
contact between the foot and substrate), allowing for the reallocation of energy resources 
into increased growth. Food availability and immersion time are known to influence the 
growth rate of mussels, with increased growth for individuals positioned lower in the 
intertidal zone (Buschbaum and Saier, 2001). Hence, our observed increased growth 
during summer may also be attributed to increased food availability at wave exposed 
field sites, where presumably larger volumes of water are circulated to the mussels. 
Similar results have been reported for Perna perna (Linnaeus, 1758) and have been 
linked to an increase in nutrients due to increased water volumes (McQuaid and 
Lindsay, 2000).
Plant and animal epibionts can reduce mussel growth by altering hydrodynamic 
conditions and to a lesser extent, by filtering out food particles or by creating a stagnant 
boundary layer which limits the amount of food available (Buschbaum and Saier, 2001; 
Dittman and Robles, 1991; Thieltges, 2005; Thieltges and Buschbaum, 2007). The 
changes to hydrodynamic conditions surrounding the mussel caused by epibionts could 
exacerbate effects of low food availability in sheltered wave environments. Thieltges
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(2005) showed that slipper limpet epibionts protrude into the water column, causing 
stronger hydrodynamic forces around the mussels. As a consequence, mussels expend 
more energy towards byssal thread production than growth. We were able to 
demonstrate that artificial epibiont presence did not affect mussel growth independently, 
however we can infer that epibionts indirectly brought about reduced growth to mussels 
strongly attached to the substratum which supports previous work (Thieltges, 2005; 
Thieltges and Buschbaum, 2007). In addition to a drag-induced trade-off between byssal 
thread production and growth resulting from epibiont presence, food availability and 
wave exposure are also likely to control mussel growth. As evident from this study, 
mussels living in the intertidal zone are faced with many factors, both biotic and abiotic, 
which influence their byssogenesis and growth. Using artificial epibionts, we were able 
to limit the biological mussel -  epibiont interactions and focus primarily on the effects 
of physical factors. Thus, we were able to show that byssogenesis is influenced by 
temperature, wave action, and epibiont presence, whereas growth is affected by wave 
action and temperature.
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CHAPTER II
EFFECTS OF INJURED CONSPECIFICS AND PREDATORS ON 
BYSSOGENESIS, ATTACHMENT STRENGTH AND MOVEMENT 
IN THE BLUE MUSSEL, MYTILUS EDULIS
Abstract
Mussels respond to threats from predators by increasing anti-predator traits, 
which include a suite of inducible defenses. Blue mussels (Mytilus edulis) can modify the 
strength, number and attachment site of byssal threads in response to water borne cues 
from predators and injured conspecifics. We quantified byssal thread production, 
attachment strength and movement in blue mussels of two size classes in response to 
effluent from the American lobster Homarus americanus, the rock crab Cancer irroratus, 
the sea star Asterias rubens, and injured conspecific mussels. In a factorial laboratory 
experiment, effluent from the predatory crab, Cancer irroratus, resulted in higher 
numbers of functional byssal threads compared only to exposure to injured conspecific 
mussels, and not to any other treatment group. Large mussels produced stronger byssal 
attachments than small mussels. Over 24 h, small mussels formed and released more 
byssus bundles than large mussels, an indication of increased movement. Small mussels 
started producing byssal threads sooner than large mussels. Mussels exposed to effluent 
from injured conspecific mussels began producing byssal threads earlier, compared to the 
control and not to any other treatment group. Our results show that byssogenesis was
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influenced by predator type and mussel size, whereas attachment strength and movement 
depended on mussel size. This study highlights the ability of two size classes of blue 
mussels to selectively alter byssal thread production and movement in the presence of 
injured conspecifics and potential predators.
Introduction
Chemical cues are essential for guiding behavioral responses and decision-making 
processes of an organism (Vickers, 2000), especially in the case of predator-prey 
dynamics in aquatic habitats (Czamoleski et al., 2010). Inducible anti-predator responses 
are phenotypically plastic traits that result from unpredictable predation pressure and are 
important in reducing successive damage to an organism (Harvell, 1990). These 
responses enable prey to reduce the likelihood of injury or death while minimizing 
energy allocated to anti-predator defenses (Harvell, 1990).
Blue mussels, Mytilus edulis are dominant organisms in many nearshore
environments, comprising extensive mussel beds on both soft and hard substrata and are
important in structuring intertidal and subtidal communities (Suchanek, 1985). Mussels
suffer intensive predation threats by a wide variety of carnivores (Seed and Suchanek,
1992) to which they have evolved specific behavioral and morphological defenses
(Cheung et al., 2004). Inducible responses include greater strength of byssal attachment
in the presence of starfish and crabs (Cote, 1995; Leonard et al., 1999; Reimer and
Harms-Ringdahl, 2001; Reimer and Tedengren, 1997), increased byssogenesis when
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exposed to crabs feeding on conspecific mussels (Fassler and Kaiser, 2008), and rapid 
clumping behavior when exposed to lobsters (Cote and Jelnikar, 1999).
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Damaged conspecifics may have a greater influence on defense mechanisms than 
predators alone. For example, upon exposure to damaged conspecifics, feeding and 
growth in the Atlantic dogwhelk, Nucella lapillus was reduced (Palmer, 1990), and M. 
edulis and the green-lipped mussel, Perna viridis, exhibited enhanced byssal thread 
production (Cheung et al., 2004; Chiu et al., 2011; Fassler and Kaiser, 2008). 
Additionally, P. viridis also increased mean byssal thread length and thickness, were less 
mobile, and less readily shed their byssal thread stalks (Cheung et al., 2004).
The ability to remain anchored to the substrate during predation events depends 
on the attachment strength of byssal threads. According to Cote (1995), byssal threads of 
mussels become more numerous, thicker and shorter in the presence of the crab Cancer 
pagurus. Stronger byssal attachment in predator-exposed mussels is significant after 24 
hours and doubles in strength after 4 days (Reimer and Tedengren, 1997). Furthermore, 
mussel movement can also be influenced by predator presence with increased movement 
towards clumping in M. edulis (Cote, 1995; Cote and Jelnikar, 1999). When moving to a 
new attachment site, mussels sever existing byssal threads (Wiegemann, 2005). Hence, 
any bundles left behind can be used as a proxy for mussel movement, with large numbers 
o f abandoned bundles indicating a higher degree of locomotion (Ishida and Iwasaki, 
2003). Furthermore, movement ability appears to be size dependent, with smaller mussels 
able to move more often than larger individuals (Wiegemann, 2005).
The goals of this study were to examine changes to byssal thread production and 
mussel movement in relation to mussel size and simulated risk of predation by exposure 
to effluent from the American lobster Homarus americanus, the rock crab Cancer 
irroratus, the sea star Asterias rubens, and injured conspecific mussels. Byssogenesis was
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measured by adhesive plaque areas, as well as number, strength, and diameter of threads. 
Mussel movement was quantified by the number of abandoned byssus bundles.
Materials and methods 
Experimental Setup
Mussels of 20-45 mm (n = 90) and 45-70 mm (n = 90) size classes were collected 
from the UNH Coastal Marine Laboratory Pier, New Castle, NH (43.07197l'N ,
70.711465° W). After manual removal of all epibionts, mussels were measured for 
length, depth and height using digital calipers (General Tools and Instruments, New 
York, NY, USA), weighed, labeled with queen bee tags (The Bee Works, Orillia,
Ontario, Canada) and maintained in unfiltered flowing seawater at the UNH Coastal 
Marine Lab, New Castle, NH.
The rock crab, Cancer irroratus, and the sea star, Asterias rubens were collected 
from the UNH Coastal Marine Lab Pier, and the American lobster, Homarus americanus 
was obtained from the UNH Coastal Marine Lab. Additional mussels, whose posterior 
adductor muscles were cut with a scalpel immediately prior to the experiment, were used 
for the injured conspecifics treatment. Whole live predators and injured mussels (with a 
combined weight of 40 g per treatment, respectively) were separately soaked in 3.5-1 
containers filled with unfiltered, aerated sea water for 36 h to produce effluent to be used 
in the experimental setups. The control consisted of 3.5-1 of unfiltered sea water, aerated 
for 36 h.
All byssal threads protruding from the shells were trimmed and mussels were 
placed individually into sixty 150-ml glass bowls (30 bowls with small mussels, 30 bowls 
with large mussels) that were randomly arranged in a sea water table. Each bowl was
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filled with sea water containing effluent from one of four predator treatments or with 
control seawater. The waterline of the seawater table was 1 cm below the top lip of the 
glass bowls to avoid mixing with treatment water and to keep temperatures of all bowls 
constant. After the experiment began, treatment bowls were static systems to avoid the 
addition of confounding variables such as agitation or water velocity, which have been 
shown to influence byssal thread production (Moeser et al., 2006; Young, 1985).
After 1.5, 3, 4.5, 6, 9 and 24 h, the number of byssal threads attached to the glass 
bowls was counted. Additionally, after 24 h, byssal threads were photographed under a 
dissecting microscope, numbers of abandoned byssus bundles were noted, and byssal 
thread attachment strength was measured using a dual range force sensor (Vernier 
Software and Technology, Beaverton, OR, USA). To test for attachment strength, apiece 
of monofilament line was secured around each mussel and onto the force sensor and a 
steady force was applied normal to the substrate until byssal thread failure occurred. The 
point of maximum force required (N) to break the threads was noted. Adhesive plaque 
areas and byssal thread widths at 1-1.5 mm from the adhesive plaque were measured 
using ImageJ (NIH). Trials were repeated three times using fresh mussels and predator 
treatments.
Data analysis
A two-way randomized complete block ANOVA, with trial as the blocking factor, 
was utilized to test the effects of mussel size and predator type on byssal thread counts, 
number of abandoned byssus bundles, time to thread production start, average adhesive 
plaque area, and average byssal thread diameter ( S y s t a t ,  Richmond, CA, USA). Mussel 
size was a fixed factor with two levels (small vs. large mussels), predator type was a
fixed factor with five levels (crab, sea star, lobster, injured conspecific mussels, and 
control) and trial was a random factor with three levels. Significant differences between 
treatments were evaluated with Tukey’s honest significant difference post hoc analysis of 
variance in SYSTAT. After byssal thread strength data were log transformed, a multiple 
linear regression was utilized (Microsoft Excel 2007).
Results
After 24 h, more functional byssal threads were present for both large and small 
mussels exposed to effluent from the predatory crab (average number 9.86 ± 1.16 S.E.) 
compared only to mussels in the injured conspecific treatment (average number 5.22 ± 
1.16 S.E.), and not to any other treatment group (Fig. 2.1; n = 34 control, 35 lobster, and 


















Control Crab Lobster Sea star Injured
mussels
T reatment
Fig. 2.1. Mean (± S.E.) number of functional byssal threads produced after 24 h for all 
mussels exposed to different predator treatments; p = 0.031. The characters above the 
error bars denote significant differences between the treatment means based on Tukey’s 
honest significant difference post hoc analysis of variance.
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Table 2.1. Results of 2-way randomized complete block ANOVA for functional byssal 
threads produced after 24 hours (FBT), number of abandoned byssus bundles after 24 
hours (ABB), average byssal thread diameter after 24 hours (BTD), average byssal thread 
plaque area after 24 hours (BTPA), and time to start byssal thread production (TSBT), 
with trial as a blocking factor and mussel size and predator type as fixed factors (d f= 





df MS F P df MS F P df MS F P
Trial 2 97.38 2.0 0.14 2 0.00 0.45 0.64 2 140.44 1.33 0.27
Mussel
size 1 0.00 0.00 0.99 1 0.03 96.78
<
0.001 1 662.99 6.26 0.01
Predator 4 132.86 2.72 0.03 4 0.00 1.21 0.31 4 254.14 2.40 0.053
Predator
X
Mussel 4 22.03 0.45 0.77 4 0.00 1.32 0.27 4 107.64 1.02 0.40
size
Error 165 48.77 122 0.00 138 106.0
ABB BTPA
Source
of df MS F p df MS F p
variation
Trial 2 4.00 0.90 0.41 2 2.17 5.34 0.01
Mussel
size 1 246.57 55.36
<
0.001 1 21.35 52.42
<
0.001
Predator 4 1.16 0.26 0.90 4 0.80 1.97 0.10
Predator
X
Mussel 4 4.57 1.03 0.40 4 0.37 0.90 0.46
size
Error 167 4.45 121 0.41
Small mussels (average number 2.72 ± 0.22 S.E.) formed and released more 
byssus bundles compared to large mussels (average number 0.37 ± 0.22 S.E.) (n = 90 
small and 89 large, p < 0.001; Table 2.1). Exposure to effluent from predators or injured 
conspecifics did not influence the amount of byssus bundles released (n.s., p = 0.903; 
Table 2.1). Large mussels had greater average byssal thread diameters (average diameter 
0.09 mm ± 0.002 S.E.) (n = 6 6  small and 6 8  large, p < 0.001; Table 2.1) and greater 
average byssal thread plaque areas (average area 1.60 mm2  ± 0.08 S.E.) (n = 65 small and 
6 8  large, p < 0.001; Table 2.1) than small mussels (average diameter 0.06 ± 0.002 S.E.) 
(average area 0.79 mm2  ± 0.08 S.E.). Largest average plaque areas were found during the 
second trial (1.41 mm2  ±0.10 S.E.) when compared to the first (0.97 mm2  ± 0.10 S.E.) (n 
= 43 trial one, 46 trial two and 44 trial three, p = 0.006; Table 2.1).
Small mussels (average time 12.04 h ± 1.17 S.E.) started producing byssal threads 
sooner than large mussels (average time 16.33 h ± 1.25 S.E.) (n = 78 small and 72 large, 
p = 0.014; Table 2.1). Mussels exposed to effluent from injured conspecific mussels 
began producing byssal threads earlier (average time 10.24 h ± 2.24 S.E.), compared to 
the control, (average time 18.64 h ± 1.77 S.E.) (n.s., p = 0.053; Table 2.1) although the 
trend was not significant.
Using multiple regression, a 2.9% relative increase in byssal thread attachment 
strength was found with each additional byssal thread produced (n = 134, p < 0.001;
Table 2.2), an increase in strength of 15% occurred with each 1 mm2  increase in average 
byssal thread plaque area (p < 0.001; Table 2.2), a 2.3% increase in thread strength 
resulted with each 0.01 mm increase of average thread diameter (p = 0.039; Table 2.2), 
while large mussels produced a 16.9% stronger attachment than small mussels (p =
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0.010; Table 2.2). Conversely, a relative decrease in byssal thread strength was observed 
with increased byssus bundles shed, although it was not significant (n.s., p = 0.073; Table 
2.2). A trend of increased attachment strength was found with exposure to crustacean 
predators and injured conspecifics compared to the control treatment (n.s., Table 2.2). 
Alternately, a relative decrease in strength was found with exposure to effluent from sea 
stars, although it was not significant (n.s., p = 0.557; Table 2.2).
Table 2.2. Results of multiple regression assessing relative changes in byssus attachment 
strength in relation to average byssal thread plaque area, average byssal thread width , 
mussel size, the addition of individual byssal threads, number of abandoned byssus 
bundles, and exposure to effluent from lobster, crab, and sea star predators and injured 
conspecific mussels; p < 0.001, r2 = 0.70. Equation: log (Attachment Strength) = B0  + 
Bi*plaque area + B2 *thread width + B3 *mussel size + B4 *byssal thread + Bs*byssus 
bundle + B6* lobster + B7 *crab + Bg*sea star + B9*injured conspecific.
Coefficients Standard Error P-value ExponentiatedCoefficients
Intercept -1.00681 0.09125 <0.001 0.36538
Plaque area 0.13961 0.03859 <0.001 1.14982
Thread width 2.25500 1.08264 0.039 L02281
Mussel size 0.15587 0.05936 0.010 1.16867
Byssal thread 0;02883 0.00263 <0.001 1.02925
Byssus bundle -0.01770 0.00978 0.073 0.98245
Lobster 0.07319 0.05343 0.173 1.07593
Crab 0.02441 0.05219 0.641 1.02471
Sea star -0.03172 0.05390 0.557 0.96878
Injured conspecific 0.05058 0.05799 0.385 1.05189
Discussion
Mussels face a variety of active predators which has resulted in the evolution of 
predator-specific defense mechanisms capable of rapid response, including an increase in 
byssogenesis which translates into a stronger attachment and an increase in movement
towards clumping to avoid predation (Beadman et al., 2003; Cote, 1995; Cote and 
Jelnikar, 1999). In addition to direct exposure and contact with predators, water borne 
chemical cues from live predatory invertebrates are also known to result in dramatic 
changes to the behavior and morphology of intertidal mussels (Cote, 1995; Cote and 
Jelnikar, 1999; Ishida and Iwasaki, 2003; Leonard et al., 1999). Testing mussel responses 
against effluent from one echinoderm and two crustacean predators, we found increased 
byssal thread production for all mussel sizes when exposed to effluent from the crab, 
Cancer irroratus, but not to sea star or lobster effluent. Similar results for M. edulis 
exposed to the scent of crab predators have been reported previously (Cote, 1995;
Leonard et al., 1999; Reimer and Harms-Ringdahl, 2001; Reimer and Tedengren, 1997). 
Because crabs must remove mussels from the substrate prior to consumption, producing 
more threads and increasing the strength of attachment reduces the chances of 
dislodgement for the mussel, and increases likelihood of survival (Hughes and Seed,
1995; Lin, 1991). Even though mussels did not produce increased numbers of byssal 
threads in response to effluent from lobster predators, we did find a trend of increased 
attachment strength compared to the control treatment. We attribute the difference in 
byssus response to differences in handling by the predator. Both crabs and lobsters are 
shell crushing predators; however, crabs employ a wider range of shell opening tactics 
and are quicker and more dexterous than lobsters (Moody and Steneck, 1993).
Allen et al. (1976) found that adhesive plaque size was highly variable among 
mussels and that plaques with the smallest area had the strongest byssal attachment due to 
thicker adhesive layers. Cote (1995) hypothesized that mussels exposed to predators 
would be expected to reduce plaque area which would presumably increase attachment
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strength as suggested by Allen et al. (1976). The present study, however found that 
increasing plaque area resulted in a stronger byssal attachment. Despite trends suggesting 
that effluent from crustacean predators and injured conspecifics resulted in a stronger 
byssal attachment compared to controls, plaque area itself was not influenced by predator 
. presence in this study. However, differences in plaque area occurred between the first and 
second trial of the experiment, which are puzzling since mussels and predators in all 
treatments were exposed to the same conditions before and during all trials.
Reduced byssogenesis by mussels exposed to effluent from injured conspecifics 
may be attributed to a “clamming up” response of mussels when a predatory threat is 
imminent (Czamoleski et al., 2010; Ishida and Iwasaki, 2003). During byssal thread 
formation, the mussel’s soft foot is exposed to predators, drawing visual attention and 
enabling chemical cues to dissipate in the water (Ishida and Iwasaki, 2003). Closed 
valves and feet contained within shells reduce the chances of predators detecting the 
presence of mussels (Czamoleski et al., 2010; Ishida and Iwasaki, 2003). Ishida and 
Iwasaki (2003) suggest that reduced movement and byssal thread production are 
protective behaviors, by which solitary mussels provide predators with fewer visual and 
chemical cues.
Although exposure to injured mussels resulted in lowest byssal thread counts, we 
found that mussels began depositing threads sooner when exposed to chemical signals 
from damaged conspecifics as compared to the control group, which support findings by 
Czamoleski et al. (2010). Fassler and Kaiser (2008) on the other hand, found that mussels 
exposed to effluent from the crab, Carcinus maenas feeding on mussels produced more 
byssal threads compared to mussels in a control treatment containing unaltered sea water.
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Similarly, Cheung et al. (2004) and Cheung et al. (2009) report increases in byssal thread 
production in the green-lipped mussel, P. viridis, when exposed to effluent from injured 
conspecifics.
In this experiment, time to begin byssal thread production could have been 
delayed due to potential reduced dissolved oxygen levels since treatments were not 
aerated after the study began. Other variables such as increased agitation and water 
velocity have been shown to influence byssal thread production rates and were avoided in 
this study to focus solely on influences of predators and injured conspecifics (Moeser et 
al., 2006; Young, 1985). Studies by Wang et al. (2010) have shown that green-lipped 
mussels (Perna viridis) exhibit decreases to overall byssus performance in environments 
with reduced oxygen levels, even though presence of predators still resulted in increased 
byssal thread production at all oxygen levels.
While effluent of damaged conspecifics may signal predation risk, it also could 
indicate non-predation mortality (Cheung et al., 2004). For example, mussels experience 
strong hydrodynamic forces from breaking waves which require a strong attachment to 
the substrate to prevent dislodgement (Bell and Gosline, 1997). Studies suggest that M. 
edulis exposed to high wave action deposit fewer threads and possess an overall weaker 
attachment compared to mussels in protected sites which produce more threads with an 
overall stronger attachment (Gamer and Litvaitis, 2013; Moeser et al., 2006), which is 
contrary to previous work (Bell and Gosline, 1997; Carrington, 2002). The decreased 
thread production at sites with high wave activity could be attributed to the inability o f 
mussels to extend their fleshy foot to the substrate, a process that is necessary for thread 
deposition to occur (Moeser et al., 2006). The presence of predators, which are known to
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inhabit sheltered sites in the Gulf of Maine, could be the reason behind the increased 
threads produced in the low wave energy environment (Gamer and Litvaitis, 2013; 
Leonard et al., 1999). Although the results are not significant in this study, the trend of 
increased attachment strength with exposure to chemical cues from injured conspecific 
mussels suggests that mussels produced fewer, but stronger threads over 24 hours. Such a 
response then not only reduces predation risk but also non-predation mortality due to 
dislodgement which occurs upon exposure to high wave action. Field studies 
investigating presence of predators and conspecifics at exposed and protected sites would 
be necessary to further tease apart the factors which influence the attachment strength and 
byssal thread production in blue mussels.
Prior studies examining predation of mytilid mussels by the sea stars, 
Coscinasterias acutispina, Asterias rubens and Heliaster helianthus, suggest that 
increasing byssal thread numbers and attachment strength have little effect on preventing 
predation, and that the presence of sea stars does not elicit changes in byssogenesis (Caro 
et al., 2008; Ishida and Iwasaki, 2003; Reimer and Harms-Ringdahl, 2001). Mussels are 
capable of differentiating between chemical cues of various predator types and 
accordingly elicit a differential response. Specifically, predators that employ crushing 
methods after removing mussels from the substrate (i.e., crabs) affect byssal thread 
strength, resulting in improved attachment. On the other hand, predators that pull apart 
valves (i.e., sea stars) do not affect attachment strength (Reimer and Harms-Ringdahl, 
2001; Reimer and Tedengren, 1997). Our results further support these findings. Because 
sea stars do not remove mussels from the substrate prior to consumption, but rather pry 
open the valves to digest the soft tissues in situ, increased attachment strength does not
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provide an effective defense. It is possible that mussels respond to sea star predators by 
increasing the size of their adductor muscles rather than by increasing byssal attachment 
strength (Freeman, 2007; Reimer and Harms-Ringdahl, 2001). However, we did not 
quantify changes in adductor muscles in our study.
Previous studies have shown that within the first few hours of exposure to a 
predation threat, mussels initially reduce movement, but after a day they actively form 
aggregations, seek structural refuges and attach firmly (Reimer et al., 1995; Reimer and 
Tedengren, 1997). In dense mussel beds in the intertidal or subtidal environment, 
movement is limited because individuals are retained by a network of byssal threads from 
neighboring mussels, which presumably also limits the degree to which mussels can be 
dislodged by predators and wave action (Bell and Gosline, 1997; Cote and Jelnikar,
1999). We found no relationship between presence of predators or injured conspecifics 
and movement of mussels as indicated by abandoned byssus bundles.
Small mussels formed and abandoned more byssus bundles than large mussels, 
which is an indication of increased movement. Support for our observations also comes 
from studies showing small mussels capable of changing their byssal attachment sites and 
moving longer distances than large mussels (Uryu et al., 1996; Wiegemann, 2005). 
Additionally, small mussels formed byssal threads sooner than large mussels. It is 
possible that large mussels invest their energy into the production of stronger attachments 
rather than into the continued formation and release of threads.
Alternatively, size-related differences of byssal attachment and movement could 
be due to an apparent size refuge from crab predators for individuals above 40 mm shell 
length (Davies, 1966). The small size class used in this study was 20-45 mm, which is the
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target size range for predatory crabs. Mussels within that size range suffer exceedingly 
high mortality from crabs (Elner and Hughes, 1978; Seed, 1976). Hence, the observed 
increase in mobility may be due to mussels seeking refiige in aggregations, which have 
been shown to reduce the rate of predation (Cote and Jelnikar, 1999; Reimer and 
Tedengren, 1997).
Our results and those of other studies, suggest that M. edulis are capable of 
exhibiting inducible defenses based on the presence of an array of predators or injured 
conspecifics. These responses are varied and depend on the particular environment, 
predator type, and foraging behavior of the predator. In the intertidal environment, which 
is a dynamic system of predators and prey, mussels are presumably able to alter their 
movement patterns and byssogenesis in response to a wide variety of predators with 
different attack modes, although further field studies are necessary to validate those 
claims.
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CHAPTER III
EFFECTS OF ARTIFICIAL EPIBIONTS ON BYSSOGENESIS, ATTACHMENT 
STRENGTH AND MOVEMENT IN TWO SIZE CLASSES 
OF THE BLUE MUSSEL, MYTILUS EDULIS
Abstract
By producing a strong byssal attachment, the blue mussel (Mytilus edulis) is able 
to remain attached to hard substrates on wave swept shores. Fouling by epibionts 
increases the chances that mussels are dislodged from the substrate. Movement of adult 
mussels occurs among and within mussel aggregations and is an important mechanism 
for recovery of mussel beds after a dislodgement event. We quantified the effects of 
artificial epibiont fouling on the production of byssal threads, attachment strength and 
movement in two size classes o f blue mussels. In a factorial experiment after 24 h, large 
epibiont-covered mussels produced more functional byssal threads compared to large 
unfouled and small fouled treatments but not compared to any other treatment type. Small 
unfouled mussels formed and released more byssus bundles compared to any other 
treatment group, which indicates increased movement. Epibiont-covered mussels started 
producing byssal threads sooner than unfouled mussels, while small mussels began 
producing byssal threads earlier compared to large mussels. Attachment strength 
increased by 9.5% when mussels were artificially fouled, and large mussels had a 34% 
stronger attachment compared to small mussels. On the other hand, a 2.3% decrease in 
attachment strength was found with increasing byssus bundles shed. Our results suggest
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that fouling by artificial epibionts influences byssal thread production and attachment 
strength in large mussels, whereas epibionts on small mussels impact their ability to 
move. Mussels are able to respond rapidly to fouling, which carries implications for the 
dynamics of mussel beds in their intertidal and subtidal habitats, especially in relation to 
movement of mussels within and among aggregations.
Introduction
As ecosystem engineers, blue mussels {Mytilus edulis) increase the heterogeneity 
and diversity of their intertidal and subtidal habitats (Borthagaray and Carranza, 2007). 
For example, dense mussel beds modify the complexity of the substrate and offer 
additional attachment sites for sessile organisms. However, plant and animal epibionts 
that attach directly onto mussel shells negatively affect the growth and survival o f the 
mussels (Dittman and Robles, 1991; Thieltges, 2005; Thieltges and Buschbaum, 2007), 
and increase the chance of dislodgement of the basibiont (Witman and Suchanek, 1984). 
In the Gulf of Maine, USA, naturally occurring epibionts associated with M. edulis 
include barnacles, colonial and solitary tunicates, bryozoans, the slipper limpet Crepidula 
fornicata, Ulva spp., and kelp, although coverage varies between seasons and with site.
Three-dimensional (3-D) epibionts (e.g., kelp, barnacles, slipper limpets) increase 
the height of the mussel, and thus increase the probability it will be dislodged, compared 
to epibionts that form thin layers (e.g., encrusting bryozoans, colonial tunicates and sheet­
like sponges) (Witman and Suchanek, 1984). The increased chance of dislodgement of 
mussels covered with 3-D epibionts is due to increased hydrodynamic forces exerted on 
the mussel, specifically faster flow velocities that lead to higher drag-induced loading
(Dittman and Robles, 1991; O’Connor et a l, 2006; Thieltges, 2005; Thieltges and 
Buschbaum, 2007; Witman and Suchanek, 1984). In addition, kelp epibionts also 
heighten the risk of dislodgement by increasing the size of the structure that the byssus 
must anchor to the substrate (Witman and Suchanek, 1984). To remain tethered to the 
substrate, mussels deploy collagenous byssal threads, which are rapidly secreted by a 
groove in the foot and are cured in sea water (Waite, 2002). Byssal threads can be 
modified under various biotic and abiotic conditions, including epibiont fouling, water 
flow, and predation (Gamer and Litvaitis, 2013 [Chapter I]; Thieltges and Buschbaum, 
2007).
Juvenile and adult mussels are capable of movement by crawling, although adult 
movement occurs on a micro-geographic scale compared to that of their younger 
counterparts (Anthony and Svane, 1995; Hunt and Scheibling, 1998; Liu et al., 2011; 
Schneider et al., 2005). As a consequence, mussel beds are spatially and temporally 
dynamic entities, with continual movement within and between aggregations. Hunt and 
Scheibling (1998) suggest that the dispersal of large mussels increases the rate of 
recovery of disturbed mussel beds and influences the dynamics of existing mussel 
aggregations. Additionally, predation alters movement patterns in mussels, as evidenced 
by rapid clumping behavior upon exposure to lobster effluent (Cote and Jelnikar, 1999). 
To relocate, mussels must break their existing byssal attachment (Wiegemann, 2005). 
Hence, the number of bundles of byssal threads left behind can be used as a proxy for 
quantifying mussel movement (Ishida and Iwasaki, 2003). Furthermore, the ability to 
move appears to be size dependent, with smaller mussels able to move more often than 
larger individuals (Wiegemann, 2005).
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Epibionts can affect the movement of the basibiont. Periwinkles, Littorina 
littorea, fouled with barnacles (Balanus crenatus) or oysters (Crassostrea gigas) show 
reduced mobility (Buschbaum and Reise, 1999; Eschweiler and Buschbaum, 2011). 
Similarly, sea scallops {Placopecten magellanicus) covered with the tunicate Didemnum 
vexillum decrease both vertical and horizontal swimming distances (Dijkstra and Nolan, 
2011), and individuals of the bivalve Chlamys hastata fouled by barnacles experience 
increased drag and energy requirements (Donovan et al., 2003). Although Thieltges 
(2005) suggests that epibionts may also hinder mobility in mussels, that hypothesis has 
not been tested. Hence, our objective was to determine the effects o f epibiont fouling on 
byssal thread production and on movement for two size classes o f mussels. Byssogenesis 
was quantified by the number and strength of byssal threads produced, while numbers of 
abandoned byssus bundles were used to compare mussel movement.
Materials and methods
Mussels of 20-45 mm (n = 96) and 45-70 mm (n = 96) size classes were collected 
from the University of New Hampshire Coastal Marine Laboratory Pier, New Castle, 
New Hampshire, USA (43.071971°N, 70.711465°W). All epibionts and byssal threads 
were removed, mussels were measured, labeled, and epibiont growth was simulated on 
half of the mussels of both size classes according to Gamer and Litvaitis (2013) (Chapter 
I). Simulation of epibionts was standardized by attaching small pieces of high-pile carpet 
(~4 cm for small mussels; -36 cm for large mussels) to both mussel valves with 
cyanoacrylate glue. By using artificial epibionts, the biotic or abiotic variation of natural 
epibionts was eliminated and uniformity of cover was established.
Mussels were maintained in unfiltered continuously flowing seawater at the UNH 
Coastal Marine Laboratory. Tanks were exposed to an ambient light regime, although 
mussels were never in direct sunlight. Mussels were placed individually into sixty-four 
177 ml glass bowls filled with unfiltered seawater and were randomly arranged in a 
seawater table. To keep temperatures consistent in all bowls, the waterline of the 
seawater table was maintained 1 cm below the top edge of the bowls.
Numbers of byssal threads attached to the glass bowls were counted after 1.5, 3, 
4.5, 6 , 9 and 24 hours for all mussels. In addition, after 24h, numbers of abandoned 
byssus bundles were noted, and byssal thread attachment strength was measured 
following Garner and Litvaitis (2013) (Chapter I).
A two-way randomized complete block ANOVA, with trial as the blocking factor, 
was utilized to test the effects of mussel size and epibiont fouling on byssal thread counts, 
number of abandoned byssus bundles and time to thread production start (SYSTAT, 
Richmond, CA, USA). Mussel size was a fixed factor with two levels (small vs. large 
mussels), epibiont fouling was a fixed factor with two levels (fouled vs. unfouled) and 
trial was a random factor with three levels. Significant differences between treatments 
were evaluated with Tukey’s honest significant difference post hoc analysis of variance 
in SYSTAT. After the data for byssal thread strength were log transformed, a multiple 
linear regression was utilized (Microsoft Excel 2007). The assumptions of normality and 
homoscedasticity were visually assessed via a log (strength) histogram, residual plots, 
and Q-Q plots, yielding no apparent deviations from these assumptions.
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Results
After 24 hours, large fouled mussels deposited more functional byssal threads (average 
number 12.71 ± 0.96 S.E.) only compared to the large unfouled (average number 7.60 ± 
0.96 SE) and small fouled treatments (average number 7.15 ± 0.96 SE) and not to any 
other treatment type (Fig. 3.1; n = 48, ANOVA, F(i,i86) = 15.40 , p < 0.001; Table 3.1). 
Small unfouled mussels (average number 1.85 ± 0.21 SE) formed and released more 
byssus bundles compared to any other treatment group (Fig. 3.2; n = 48, ANOVA, F(ijig6) 
= 6.42, p = 0.01; Table 3.2). Both small and large fouled mussels (average time 12.15 h±  
1.06 SE) started producing byssal threads sooner than unfouled mussels (average time 
16.70 h ±1.07 SE) (n = 87-88, ANOVA, F(U69) = 9.12, p = 0.003; Table 3.3). Fouled and 
unfouled small mussels (average time 12.77 h ± 1.09 SE) began producing byssal threads 
earlier compared to large mussels (average time 16.06 h ± 1.04 SE) (n = 83-92, ANOVA, 
F(i,i6 9 ) -  4.77, p = 0.03; Table 3.3). Byssal thread production started later in the first trial 
(average time 17.17 h ± 1.34 SE) compared to the third (average time 12.43 h ± 1.30 SE) 





Fig. 3.1 Mean (± S.E.) number of functional byssal threads produced after 24 h for small 
vs. large mussels with and without epibiont fouling; p < 0.001. The characters above the 
error bars denote significant differences between the treatment means based on Tukey’s 
honest significant difference post hoc analysis o f variance.
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Table 3.1. Results of 2-way randomized complete block ANOVA for functional byssal 
threads produced after 24 hours, with trial as a blocking factor and mussel size and 
epibiont fouling as fixed factors (df = degrees of freedom, MS = mean square, F = value 
of the F-statistics, p = p-value).
Source o f variation df MS F P
Trial 2 2.38 0.05 0.95
Mussel size 1 155.88 3.54 0.06
Epibiont 1 86.67 1.97 0.16





Fig. 3.2 Mean (± S.E.) number of byssus bundles formed and detached by small vs. large 
mussels in relation to epibiont fouling; p = 0.01. The characters above the error bars 
denote significant differences between the treatment means based on Tukey’s honest 
significant difference post hoc analysis of variance.
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Table 3.2. Results of 2-way randomized complete block ANOVA for number of 
abandoned byssus bundles after 24 hours, with trial as a blocking factor and mussel size 
and epibiont fouling as fixed factors (df = degrees of freedom, MS = mean square, F = 
value of the F-statistics, p = p-value).
Source o f variation df MS F P
Trial 2 1.63 0.77 0.46
Mussel size 1 43.13 20.44 <0.001
Epibiont 1 30.88 14.64 <0.001
Epibiont x Mussel size 1 13.55 6.42 0.01
Error 186 2.11
Table 3.3. Results of 2-way randomized complete block ANOVA for time to start byssal 
thread production, with trial as a blocking factor and mussel size and epibiont fouling as 
fixed factors (df = degrees of freedom, MS = mean square, F = value of the F-statistics, p 
= p-value).
Source of variation df MS F P
Trial 2 341.44 3.45 0.03
Mussel size 1 472.10 4.77 0.03
Epibiont 1 902.63 9.12 0.003
Epibiont x Mussel size 1 113.11 1.14 0.29
Error 169 99.00
Using multiple regression, a 9.5% relative increase in total attachment strength 
was found for fouled mussels (p = 0.003, n = 173; Table 3.4), and an increase of 3.4% in 
total attachment strength to the substrate was found with each additional byssal thread
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that the mussel produced (p < 0.001; Table 3.4) (r2 = 0.71, F4ji72 = 101.84, p < 0 .0 0 1 ). Large 
mussels exhibited a 34% stronger attachment than small mussels (p < 0.001; Table 3.4). 
Alternately, a 2.3% relative decrease in strength was recorded with increased byssus 
bundles released (p = 0.03; Table 3.4).
Table 3.4. Results of multiple regression evaluating relative changes in byssus 
attachment strength in relation to mussel size, the addition of individual byssal threads, 
number of abandoned byssus bundles, and epibiont fouling; r = 0.71, F4 ;i7 2  = 101.84, p < 
0.001. Equation: log (Attachment Strength) = B0+ Bi*mussel size + B2*byssal thread + 
B3 *byssus bundle + B4*epibiont fouling.
Coefficients Standard Error P-value ExponentiatedCoefficients
Intercept -0.55906 0.03578 <0.001 0.57175
Mussel size 0.29227 0.03058 <0.001 1.33947
Byssal threads 0.03294 0.00220 < 0.001 1.03349
Byssus bundles -0.02283 0.01014 0.03 0.97742
Epibiont fouling 0.09105 0.02993 0.003 1.09533
Discussion
Although small unfouled mussels are known to travel greater distances and to 
change their attachment site more often (Uryu et al., 1996; Wiegemann, 2005), we 
observed a decrease in movement frequency in small fouled mussels as indicated by 
decreased numbers of abandoned byssus bundles. Without epibiont fouling, small 
mussels formed and released more byssal bundles, were quick to initiate the deposition of 
byssal threads, and overall produced threads with weaker attachments. Small mussels free 
of epibiont fouling might invest more energy into the continued deposition and release of
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byssal threads and movement, rather than the formation of strong threads in one location. 
Our study also supports findings by Witman and Suchanek (1984) that attachment 
strength is size dependent in M. edulis, with more force required to remove larger 
mussels from the substrate.
Our findings also have implications for the ability o f smaller mussels to move 
within and among mussel beds, ultimately affecting the dynamics of mussel aggregates. 
Although all size classes of mytilids are capable of extensive crawling, the phenomenon 
is especially prevalent in small individuals, which continue movement long after their 
initial settlement, presumably in search of a suitable microhabitat (Seed, 1976; Seed and 
Suchanek, 1992; Wiegemann, 2005). Mussel beds are dynamic entities and their size 
structure has been shown to change drastically over time (Khaitov, 2013). However, 
smaller mussels have been found to dominate mussel beds throughout the year, likely due 
to reduced growth rates brought about by intraspecific competition for food and space. 
Additionally, small mussels in natural mussel aggregations have been shown to suffer 
from limited mobility due to entanglement in byssal threads of larger mussels (Kautsky, 
1982; Seed, 1969; Seed and Suchanek, 1992). Despite the negative impacts caused by 
epibiont fouling, studies by O’Connor et al. (2006) reveal that fouling by algal epibionts 
does not affect mussel recruitment.
Reduced movement of small fouled mussels likely results in increased 
susceptibility to predation due to a decrease in the escape response of the mussels. For 
example, Cote and Jelnikar (1999) documented an increased clumping behavior when 
mussels were exposed to lobster effluent. Thus, if epibiont presence interferes with 
aggregate formation, then higher mortality is likely. However, such conclusions may not
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be generalized. Laudien and Wahl (1999) found that epibionts provide protection from 
predators such as the sea star Asterias rubens, whereas Wahl et al. (1997) showed that 
epibiontic barnacles (Balanus improvisus) increased the susceptibility o f M. edulis to 
predation by Carcinus maenas and decreased predation risk when fouled with the 
hydrozoan Laomedea jlexuosa.
Epibionts increase drag forces, causing increased dislodgement, especially during 
high wave activity (Witman and Suchanek, 1984). However, the effects of fouling by 
epibionts on the number and attachment strength of byssal threads are equivocal. We 
found that epibiont cover on large mussels did not affect mobility, but instead resulted in 
an increase in the number and strength of byssal threads. Similarly, mussels fouled by a 
natural epibiont (Crepidula fornicata) have been shown to produce more byssal threads 
compared to unfouled mussels (Thieltges and Buschbaum, 2007). On the other hand, 
O’Connor et al. (2006) showed that algal epibionts do not influence the attachment 
strength and thread production in blue mussels. By standardizing epibiont fouling, we 
were able to demonstrate that epibiont presence influences not only the production of 
byssal threads but also attachment strength in large M. edulis. Additionally, the mussels 
in this experiment were not exposed to hydrodynamic forces cause by water flow, but 
instead encountered conditions similar to those found in a tidepool (Martinez, 2007). 
Hence hydrodynamic forces appear not to be responsible for the changes we observed in 
byssal thread production by larger fouled mussels. Instead, we attribute their increased 
byssogenesis to added weight due to epibiont fouling.
Fouling by artificial epibionts elicits different responses in small and large M. 
edulis in a controlled lab setting. Whereas larger mussels demonstrated changes in byssal
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thread production and attachment strength, small mussels experienced decreased mobility 
as a result of epibiont presence. This reaction to epibiont fouling suggests that mussels 
are capable of changing their physiological and behavioral processes in the presence of a 
newly settled epibiont. Additionally, factors other than altered hydrodynamic forces due 
to epibiont fouling influence byssal thread production and movement in M. edulis. 
Biological factors that affect movement patterns and byssal thread production, such as 
species differences and epibiont biomass requires further study. Mussels are abundant 
competitors on rocky and sedimentary intertidal and subtidal shores, and hence, any 
changes to their spatial dynamics could impact the community structure of the 
surrounding intertidal environment, and their ability to move among and within 
aggregations.
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CONCLUSIONS
As an ecosystem engineer, the blue mussel (M. edulis) is a vital component of the 
intertidal environment and has the ability to create and modify habitat. The capability of 
mussels to attach to the substrate with byssal threads on wave swept rocky shores is one 
of the many adaptations that help them survive in such a stressful environment. 
Byssogenesis in Mytilus edulis is affected by abiotic factors such as temperature, wave 
exposure, and fouling by artificial epibionts, and biotic factors including mussel size and 
exposure to predators and injured conspecifics. Numbers of byssal threads produced 
differed with wave exposure in the field (Chapter I). Mussels in sheltered field sites 
produced more byssal threads that were collectively stronger compared to individuals at 
wave-exposed sites. My results support the findings of Moeser et al. (2006), which 
showed that mussels were not able to produce high quality byssal threads at wave- 
exposed sites because thread production was interrupted. Additional studies focusing on 
the function of the foot are needed to shed light on the suppression of byssal thread 
production under high flow regimes.
In the Gulf of Maine ecosystem, an added stressor that mussels experience is a 
wide array of seasonal changes. During the summer, mussels produced higher numbers of 
byssal threads, with an overall weaker attachment strength compared to winter (Chapter 
I). Warmer temperatures have been attributed to higher numbers o f byssal threads 
produced, whereas fouling of individual threads may explain decreased attachment 
strength (Moeser et al., 2006). Additional environmental factors, such as changes in
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salinity, nutrient levels and exposure to predators could be responsible for the increased 
thread production during summer, although additional studies are necessary to test those 
hypotheses.
Results from Chapter II indicate that mussels exposed to crab effluent produced 
increased functional byssal threads compared to the injured conspecific mussel treatment 
but not to any other treatment group. The presence of Cancer irroratus at the protected 
field sites could explain the increased byssal threads produced during the summer 
experiments. Future field experiments quantifying byssal thread production and predator 
presence at the same protected field sites could reveal additional trends and may explain 
increased byssogenesis.
The increased number of byssal threads produced and heightened attachment 
strength can be attributed to different forces. Results from Chapters I and III suggest that 
fouling by artificial epibionts affects byssal thread production in blue mussels, both in 
laboratory and field conditions. Altered byssogenesis in the presence of epibionts is one 
of the many responses that mussels exhibit as a result of changes in biological or physical 
conditions. In the field (Chapter I), increased byssogenesis and attachment strength with 
epibiont presence may be attributed to increased hydrodynamic forces of drag upon 
exposure to wave activity. In the laboratory (Chapter III), mussels experience added 
weight as a result of fouling by artificial epibionts, leading to a stronger attachment. 
Increased attachment strength observed in natural habitats serves a practical purpose 
because fouled mussels facing high wave action are more susceptible to dislodgement. In 
the lab however, there is not an immediate necessity to invest increased energy into a 
stronger attachment. Since movement of epibiont-covered mussels was limited and there
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was no moving water surrounding the mussels, hydrodynamic forces clearly were not 
responsible for inducing increased attachment strength. Further investigations are 
necessary to understand the factors influencing byssal attachment strength for fouled 
mussels in extremely low flow conditions, which would exist in such places as the 
interior of a culture system. Reduced growth was observed in Chapter I, although it was 
not the direct result of epibiont fouling. Allocation of increased energy into byssal thread 
production by fouled mussels could result in less energy available for growth. Studies 
that examine the growth of fouled mussels in low flow environments could reveal 
impacts of additional factors, such as the added weight of epibionts on growth of blue 
mussels.
Mussel size influences the number and strength of byssal threads produced, with 
stronger byssal attachments produced by large mussels compared to small mussels in 
both studies (Chapter II and III). Additionally, small mussels started producing byssal 
threads sooner than large individuals. Chapters II and III also revealed that changes of 
attachment site occur based on mussel size and the presence of epibionts.
Exposure to predator effluent did not result in changes to movement. Mussels 
exposed to chemical cues of predators or injured conspecifics remained in the same 
location, presumably to avoid detection by the potential predator. Small, unfouled 
mussels changed attachment sites more frequently compared to any other treatment 
group. Thus, it can be inferred that small fouled mussels exhibited reduced movements, 
likely due to the heavy fouling load on their valves.
Even though experiments in Chapters II and III utilized different treatment 
variables to quantify abandoned byssus bundles, they confirmed that mussel size is an
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important predictor to movement capabilities in blue mussels. These results support 
previous research showing that small mussels are capable of moving more often and 
traveling further compared to large individuals (Uryu et al., 1996; Wiegemann, 2005). 
The results of Chapter III indicate that epibiont fouling influences the movement ability 
of blue mussels, which was previously unexplored.
Because dispersal of small individuals is integral to the dynamics and 
establishment of intertidal and subtidal mussel beds, any changes in mobility o f small 
fouled individuals could alter the community structures of mussel beds. Future work 
focusing on the effects of epibionts on the movement abilities o f mussels in the field is 
warranted. Furthermore, the general movement patterns of mussels in their intertidal 
aggregations have been relatively unexplored and could benefit from additional study.
In light of the increases to fouling in the Gulf of Maine since the mid-1980s 
(Carman et al., 2010), it is of vital importance for ecologists to understand the effects of 
epibionts, wave exposure and predation on the byssal thread production in blue mussels, 
and methods that can be utilized to decrease loss of mussels to smothering or 
dislodgement due to epibiont fouling. The extension of the results from this study could 
especially help mussel farmers whose mussel lines are being overgrown by heavy fouling 
loads, and need a strong attachment to avoid loss of their crop. Exposure of mussels on 
aquaculture lines to crab effluent could lead to increased byssal thread production and a 
greater ability o f mussels to remain attached to mussel lines. Hence, simple containment 
of crabs within cages in close proximity to cultured mussels may decrease mussel fall-off 
without allowing predation by crabs. Additionally, since the severity and abundance of 
seasonal storms has increased in the North Atlantic has since the mid-1990s (Goldenberg
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et al., 2001), it is increasingly important to understand the ability o f mussels to deploy a 
strong attachment despite storm activity. The results from Chapter I highlight the ability 
of mussels to increase the strength of attachment during the winter, which coincides with 
high wave activity due to seasonal storms. Chapters I and III indicate that epibiont 
fouling on mussels results in a stronger byssal attachment. Mussels are not only capable 
of altering their attachment strength during strong winter storms but also upon fouling by 
epibionts.
Based on the data collected for this dissertation, additional analyses can be 
performed using mussel length, adhesive plaque area and byssal thread width, count, and 
strength data. Analyses for the force necessary for failure to occur per unit area of byssal 
threads upon exposure to the predator and injured conspecific treatments from Chapter II 
can be evaluated. The force necessary for thread failure to occur in terms of epibiont 
fouling can be compared between field and laboratory studies in Chapters I and III. For 
all Chapters, the relationship between length of individual and attachment strength can be 
analyzed using a regression.
The study of ecomechanics brings together the disciplines o f ecology and 
mechanics, which prove to be fruitful tools for assessing the relationships that lie within 
this research project. The ecomechanical basis of my project stems from my interest in 
how mussels function on a physiological level, interact with other organisms and with 
their environment, as well as how they adapt to a changing environment. This project 
incorporates themes across different fields, and then applies the themes across various 
levels as it relates to blue mussel physiology, mechanics and ecology. The environmental 
physics that mussels must cope with in the field extend beyond the individual, to focus on
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population, community and ecosystem consequences, with special attention on physical- 
biological linkages.
An overarching theme addressed in this dissertation is the response of mussels to 
environmental stress. Stresses that mussels encounter in their natural habitat include 
epibiont fouling, predator presence, extreme temperatures and increased hydrodynamic 
forces. This dissertation highlights the ability of mussels to live in the intertidal 
environment in light of these abiotic and biotic challenges. Mussels have evolved specific 
adaptations enabling successful life in these stressful marine environments, especially in 
the Gulf of Maine ecosystem which is exposed to large tidal ranges and strong 
seasonality. The study of ecomechanics serves as an important tool to understand the 
processes occurring at multiple levels o f organization in mussel beds, and could be 
helpful in predicting the changes to these important ecological communities in light of 
future climatic changes.
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APPENDICES2
2 The following studies are included as appendices since they are preliminary experiments and increased 
sample sizes are necessary to validate the results.
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APPENDIX A
EFFECTS OF ARTIFICIAL EPIBIONT FOULING AND 
UNIDIRECTIONAL WATER FLOW ON BYSSAL THREAD PRODUCTION 
IN THE BLUE MUSSEL, MYTILUS EDULIS
Abstract
Blue mussels attach to wave swept shores using collagenous byssal threads, which 
are capable of modification in response to biotic and abiotic factors. In a series of 
experiments in a recirculating flow tank using artificially fouled mussels, I evaluated the 
effects of epibiont fouling and water velocity on byssal thread production in the blue 
mussel, Mytilus edulis. Byssal thread production in unfouled mussels increased with 
rising flow velocity until a peak was reached at ~10 cm/s and declined at flow velocities 
above 15 cm/s, although that trend was not statistically significant. In mussels fouled by 
artificial epibionts, there was a trend for consistent byssal thread production with rising 
flow velocities from 0-10 cm/s. At 15 cm/s flow velocity, byssal thread production 
declined before increasing at 20 cm/s. The studies suggest that epibiont fouling and water 
flow alter byssal thread production in blue mussels in a controlled laboratory setting 




Mussel tenacity or attachment strength influences survival in wave-swept 
environments (Bell and Gosline, 1997). Blue mussels are capable of varying the number 
of byssal threads produced to alter the strength of byssal attachment in response to 
changes in flow velocity (Carrington, 2002). Moeser et al. (2006) found that byssal thread 
production in M. edulis peaks at ambient flows o f 10.6 cm/s and declines at higher 
velocities, due to an inability o f the foot to extend and contact the substrate. Carrington et 
al. (2008) suggest that water flow velocities are significantly lower in mussel 
aggregations than in the surrounding intertidal environment, providing conditions 
conducive to byssal thread production such that the foot o f the mussel is able to maintain 
contact with the substrate.
Blue mussel beds in intertidal and shallow subtidal regions create a hard substrate 
for algal and animal epibionts to colonize (Borthagaray and Carranza, 2007). Epibionts 
may reduce the ability of mussels to remain attached to the substrate, due to increased 
hydrodynamic forces of lift and drag on the mussel (Witman and Suchanek, 1984).
Three- dimensional epibionts such as kelp and barnacles that extend into the water 
column have been shown to increase the chance of dislodgement compared to thin, two- 
dimensional epibionts such as colonial tunicates and bryozoans (Witman and Suchanek, 
1984). The slipper limpet, Crepidula fornicata, has been identified as an epibiont that 
resulted in increased byssal thread production as compared to unfouled mussels 
(Thieltges and Buschbaum, 2007).
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The goal of this study was to quantify byssal thread production in relation to 
artificial epibiont fouling and unidirectional water flow in a flume. Byssal thread 
production was quantified by counting threads after 24 hours.
Materials and Methods 
Mussels of 50 - 70 mm (214 total) shell length were collected from the University 
of New Hampshire (UNH) Atlantic Marine Aquaculture Center (42.942433° N, 
70.633228° W). All epibionts and byssal threads were removed, mussels were measured, 
labeled, and epibiont growth was simulated on half of the mussels o f both size classes 
according to Gamer and Litvaitis (2013) (Chapter I). Epibiont simulation was 
standardized by attaching small pieces of high-pile carpet (~36 cm2) to both mussel 
valves with cyanoacrylate glue. By using artificial epibionts, biotic or abiotic variation of 
natural epibionts was eliminated and Uniformity of cover was established.
A Vogel and LaBarbera (1978) flow tank (working section 91.5 cm x 11 cm x 15 
cm; L x W x H) filled with seawater was used to subject the unfouled and artificially- 
fouled mussels to unidirectional flow velocities of 0, 5, 10, 15 and 20 cm/s, at 10°C and 
12 h light/12 h dark conditions. Five mussels were attached to re-closable fasteners (3M 
Dual Lock™, St. Paul, MN, USA) with the anterior end facing downstream and 
suspended 2 cm above the substrate by acrylic rods in the flow tank (Fig. A.1). After 24 
h, the byssal threads produced were counted. The procedure was repeated at each flow 
velocity, with new sets of unfouled and artificially fouled mussels.
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Fig. A.I. Flow tank with five mussels suspended —2 cm from the substrate by acrylic 
rods. Direction of flow is indicated by the arrow.
Results
There were no significant differences between byssal threads produced at any of 
the flow velocities for the epibiont and non-epibiont covered mussels (Table A.l). 
However, for non-epibiont covered mussels, a trend showed that byssal thread production 
increased concurrently with flow up to —10 cm/s and declined at flows above 15 cm/s (n 
= 18-22; p = 0.067; Table A.l, Table A.2a ). Mussels fouled with epibionts exhibited a 
trend of increased byssal thread production with increased flow up to —5 cm/s, a decline 
from 10-15 cm/s and an increase again at 20 cm/s (n = 17- 23, p = 0.067; Table A.l,
Table A.2b).
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Table A.l. Results of 2-way ANOVA for mean number of byssal threads produced per 
individual after 24 hours with flow velocity and epibiont fouling as fixed factors (df= 
degrees of freedom, MS = mean square, F = value of the F-statistics, p = p-value).
Source of variation df MS F P
Flow velocity 4 24.793 0.846 0.498
Epibiont 1 0.173 0.006 0.939
Epibiont x Flow 
velocity 4 65.415 2.231 0.067
Error 196 29.323
Table A.2. Mean number of byssal threads produced (± S.E.) per (a) non-fouled and (b) 
fouled individual in 24 h under different flow velocities; p = 0.067
Flow velocity (cm/s) Mean (± S.E.) number of byssal threads per individual
(a) Non-fouled
0 5.50 ± 1.28
5 6.77± 1.15
10 8.33 ± 1.18




0 6.59 ± 1.31
5 7.13 ± 1.13
10 6.39± 1.13
15 4.81 ± 1.18
20 9.70 ± 1.21
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Discussion
Trends from the flow tank study for non-fouled mussels are supported by results 
from field studies (Chapter I), in which mussels at wave exposed sites, and presumably 
higher flow velocities, deposit fewer threads than individuals at sheltered sites that 
experience low flow. It is likely that additional stressors were present in the field (e.g., 
wave action, desiccation, predation), especially at the wave exposed sites that could cause 
mussels to close their valves, preventing successful byssogenesis. Even though further 
studies with increased sample size are necessary, the preliminary results suggest that flow 
velocity has an important influence on byssal thread production.
Trends of non-epibiont covered mussels from this study support findings by 
Moeser et al. (2006) which found increasing byssal thread production with rising flow to 
11 cm/s, and decreased thread production at flow regimes greater than 18 cm/s.
Decreases in thread production at higher flows have been attributed to the inability of 
mussels to maintain foot extension necessary for thread production to occur (Moeser et 
al., 2006).
Epibiont-covered mussels exhibited a drastically different trend of byssal thread 
production as a function of flow velocity compared to the non-fouled individuals. Rather 
than a decrease in byssal thread production at 20 cm/s as demonstrated by unfouled 
individuals, byssal thread production increased at this velocity. The increase in byssal 
thread production at 20 cm/s may be attributed to the increase to drag-induced loading 
caused by the epibiont fouling, as shown by Witman and Suchanek (1984).
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APPENDIX B
EFFECT OF ARTIFICIAL EPIBIONTS ON MOVEMENT 
IN THE BLUE MUSSEL, MYTILUS EDULIS
Abstract
Adult and juvenile mussels can crawl to form mussel aggregations and to escape 
predators. In a series of laboratory experiments I measured the effects of artificial 
epibiont fouling on the locomotion of blue mussels. Epibiont-covered mussels in a 
treatment containing 50% fouled and 50% non-fouled mussels (i.e. mixed-fouling) 
moved greater straight line distances compared to mussels in the all-epibiont treatment 
and non-epibiont treatment. Additionally, total distance traveled was greatest for the 
fouled mussels in the mixed-epibiont treatment compared to any other treatment group. 
The results of this experiment suggest that fouling by artificial epibionts influences the 
abilities of mussels to move, especially when epibiont-covered and non-epibiont-covered 
mussels are in close proximity. Interactions upon exposure of epibiont-covered to non- 




Young mussels are capable of traveling large distances by drifting or crawling, 
whereas adults typically move on a micro-geographic scale (Liu et al., 2011). Although 
byssal drifting typically applies only to post-larvae, adult mussels are distributed both by 
dislodgement due to wave action or by active crawling. Whereas adult mussels are . 
thought to be “sessile” invertebrates, they are actually capable o f moving, resulting in 
mussel beds that are spatially and temporally dynamic, with movement within and 
between mussel beds (Hunt and Scheibling, 1998; Schneider et al., 2005). Van de Koppel 
et al. (2008) suggest that mussels form self-organized patterns that occur spontaneously 
from a homogenous pattern, often within 24 hours. Additionally, blue mussels are 
capable of moving to escape predation, as shown by the rapid clumping behavior upon 
exposure to lobster effluent (Cote and Jelnikar, 1999).
Previous studies have shown that fouling by epibionts negatively influences 
locomotion in sea scallops and periwinkles (Buschbaum and Reise, 1999; Dijkstra and 
Nolan, 2011; Donovan et al., 2003; Eschweiler and Buschbaum, 2011). Specifically, 
Dijkstra and Nolan (2011) suggest that fouling by the invasive tunicate, Didemnum 
vexillum, resulted in reduced swimming speeds and decreased vertical and horizontal 
swimming distances in the sea scallop. Periwinkles, Littorina littorea, fouled by 
barnacles (Balanus crenatus) or oysters (Crassostrea gigas) demonstrated reduced 
mobility compared to unfouled snails (Buschbaum and Reise, 1999; Eschweiler and 
Buschbaum, 2011).
Thieltges (2005) suggests that epibionts may also negatively affect locomotion in 
mussels, although that hypothesis has not yet been addressed. Therefore, my objective
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was to determine the effects of epibiont fouling on movement ability in the blue mussel. 
Straight line distances and total distance traveled were quantified by examining changes 
in the position of mussels over time using time lapse videography.
Materials and methods
Mussels of 50-70 mm size class (n = 420) were collected from the UNH Coastal 
Marine Laboratory Pier, New Castle, NH (43.071971°N, 70.711465° W). After epibionts 
were carefully removed, mussels were measured for length, depth and height (General 
Tools and Instruments, New York, NY, USA), weighed, labeled with queen bee tags (The 
Bee Works, Orillia, Ontario, Canada) and maintained in unfiltered flowing seawater at 
the UNH Coastal Marine Lab, New Castle, NH. To avoid variability introduced by 
different biotic and abiotic characteristics of epibionts of diverse species, we standardized 
epibiont simulation following Garner and Litvaitis (2013) (Chapter I). Small pieces of 
high-pile carpet (-36 cm2) were attached to both valves of 210 mussels (i.e. fouled) with 
cyanoacrylate glue; 210 mussels remained unfouled (i.e. no carpet attached).
A grid of 70 quadrats, each measuring 0.1 m x 0.1 m, was drawn on the bottom of 
a 1.0 x 0.8 m sheet of clear acrylic and placed in a circulating unfiltered sea water system 
according to Liu et al., (2011). At the beginning of each experiment, a single mussel was 
placed in the center of each quadrat with all animals in the same orientation and on the 
same surface. Treatments were comprised of 70 unfouled mussels, 70 fouled mussels and 
35 unfouled/35 fouled mussels (i.e. mixed-fouling) (Fig.B.l). For the mixed-fouling 
treatment, fouled and unfouled mussels were placed in alternating quadrats of the grid,
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which formed a checkerboard pattern. Experiments were repeated twice with fresh 




Fig.B.l. A grid showing 70 mussels at the start of the experiment (0 h) for (a) unfouled, 
(b) mixed-fouling, and (c) all fouled individuals.
The locations of mussels were noted as x- and y-coordinates at time 0 h and at 24, 
48 and 72 h. The point of byssal attachment was the end point recorded. A time-lapse 
video camera (Garden Watch Cam, Brinno Inc., Walnut, CA) was suspended above the 
experimental set-up which took a photograph every 30 s for the first 19.5 h of the 
experiment, which was determined empirically to be the time period of maximum 
movement. The tank was exposed to an ambient light regime with continuous 
illumination by a red light to allow visualization of mussels on the video. Mussels were 
never in direct sunlight. The time-lapse video was analyzed using the MtrackJ Plugin 
(Meijering et al., 2012) for Fiji Imaging Software (Schindelin et al., 2012) to quantify the 
total length and straight line distances traveled by mussels. Total length was the inclusive
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length of a mussel’s entire path, while the straight line distance measured the linear 
distance from start point to end point.
A one-way analysis of variance (ANOVA) was used to evaluate the effects of 
epibiont fouling (fixed; fouled vs. unfouled mussels) on straight line and total distances 
traveled by mussels. Significant differences between treatments were evaluated with 
Tukey’s honest significant difference post hoc analysis o f variance in SYSTAT.
Results
Epibiont-covered mussels in the mixed-fouling treatment traveled greater straight 
line distances (11.39 cm ± 0.83 S.E.) compared to mussels in the all-epibiont treatment 
(8.26 cm ± 0.58 S.E.) and non-epibiont treatment (6.70 cm ± 0.58 S.E.) (n = 140, p < 
0.001; Table B.l, Table B.2). Mussels with epibionts in the mixed-fouling treatment 
traveled the furthest total distance (29.77 cm ± 2.04 S.E.) compared to any other 
treatment group (n = 140, p < 0.001; Table B .l, Table B.3).
Table B .l. Mean (a) straight line distance traveled and (b) total distance traveled (cm) 
per individual after 19.5 hours with epibiont fouling as a fixed factor
(a) Fouling treatment
Mean (± S.E.) straight line distance traveled (cm) per
individual
All epibiont 8.26 ±0.58
All non-epibiont 6.70 ± 0.58
In mixed-fouline treatment
Epibiont 11.39 ±0.83
Non-epibiont 9.63 ± 0.83
(b) Fouling treatment
Mean (± S.E.) total distance traveled (cm) per 
individual
All epibiont 15.57 ± 1.44
All non-epibiont 14.90 ± 1.44
In mixed-fouline treatment
Epibiont 29.769 ± 2.04
Non-epibiont 22.18 ±2.04
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Table B.2. Results of one-way ANOVA for mean straight line distance traveled per 
individual after 19.5 hours with epibiont fouling as a fixed factor (df = degrees of 
freedom, MS = mean square, F = value of the F-statistics, p = p-value).
Source o f variation df MS F P
Epibiont 3 378.754 7.927 <0.001
Error 416 47.780
Table B.3. Results of one-way ANOVA for mean total distance traveled per individual 
after 19.5 hours with epibiont fouling as a fixed factor (df = degrees of freedom* MS = 
mean square, F = value of the F-statistics, p = p-value).
Source o f variation df MS F P
Epibiont 3 4,273.882 14.750 <0.001
Error 416 289.764
Discussion
Experimental design and data analyses for this experiment were based on methods 
by Liu et al. (2011). Upon further investigation, the data analyses in their experiments 
and consequently the analyses in this experiment would require further replication to 
attain statistical significance. Although 70 mussels were used for each trial o f the 
experiment, there were presumably interactions between mussels on the grid at any one 
time. Therefore, the independence assumed in the statistical procedures o f an ANOVA is 
violated. In future experiments, the distances traveled for the 70 mussels in each trial of 
the experiment could be averaged together to calculate one value for each trial.
Epibiont-covered mussels in the mixed-fouling treatment traveled the furthest 
total distance during 19.5 hours compared to any other treatment group. These results are 
puzzling because treatment with all epibiont-covered mussels exhibited reduced total 
distances traveled compared to the epibiont-covered mussels in the mixed-fouling 
treatment. Therefore, epibiont fouling does not independently influence the movement 
abilities of mussels. The interaction of fouled and unfouled mussels in the mixed-fouling 
treatment could explain the differences in distances traveled for that treatment. Further 
experimentation is necessary to isolate interacting factors responsible for the increased 
movement of fouled mussels in the mixed-fouling treatment.
Whereas epibiont fouling has been suggested to add to the weight on mussels in 
Chapter III, leading to reduced movement in small mussels (size class 20-45 mm), this 
study suggests that large mussels (50-70 mm) also experience changes in their movement 
abilities due to epibiont fouling. Changes to the movement abilities of large fouled 
mussels could also lead to reduced investment into byssal thread production and other 
physiological and behavioral processes, although byssogenesis was not measured in this 
study. Because movement patterns were affected by epibiont fouling in this study, the 
development of aggregation patterns could also be influenced by epibiont fouling, 
especially in the mixed-fouling treatments. Clearly, additional studies are necessary to 
investigate the effects of epibiont presence on the formation of mussel aggregations.
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